Lesions induced in the gills of rainbow trout (Salmo gairdneri) by exposure to acutely lethal aqueous concentrations of inorganic mercury and copper were examined by light and electron microscopy. Lesions were most severe during the first 48 hours of exposure to the metals and were characterized primarily by apoptosis of lamellar epithelial cells and lamellar fusion. The latter process occurred either by simple apposition of adjacent lamellae to each other or through epithelial hypertrophy and hyperplasia. Except for hypertrophy of and increased number of primary lysosomes in lamellar epithelial cells of animals exposed to mercury, branchial lesions were not prominent in fish collected between 48 and 96 hours. The branchial lesions observed in this study are compared with pathological processes occumng in mammals.
Abstract. Lesions induced in the gills of rainbow trout (Salmo gairdneri) by exposure to acutely lethal aqueous concentrations of inorganic mercury and copper were examined by light and electron microscopy. Lesions were most severe during the first 48 hours of exposure to the metals and were characterized primarily by apoptosis of lamellar epithelial cells and lamellar fusion. The latter process occurred either by simple apposition of adjacent lamellae to each other or through epithelial hypertrophy and hyperplasia. Except for hypertrophy of and increased number of primary lysosomes in lamellar epithelial cells of animals exposed to mercury, branchial lesions were not prominent in fish collected between 48 and 96 hours. The branchial lesions observed in this study are compared with pathological processes occumng in mammals.
Fish gills perform numerous functions, some of which have been taken over by the kidneys in higher vertebrates. These functions include respiration,28 osmoregulation,'8*25 excretion of nitrogenous waste products,16 and acid-base balance.6 Because of their vulnerable external location and large surface area, these organs are often a major target of pollutants in water. Several articles have described the histological effects on fish gills of various heavy metals dissolved in water.'. 13* 34*35 Basic cellular reactions were similar to those occumng in mammals and included necrosis, hypertrophy, and hyperplasia. The nature and seventy of the reaction were influenced by the type and concentration of the metal, duration of exposure, and species of experimental animal, but also by various parameters of water quality such as dissolved oxygen' and hardness.23 Few studies have reported in detail the ultrastructural effects of toxic substances on branchial tissue. This article describes the light microscopic and ultrastructural lesions in gills of rainbow trout (Salmo guirdneri) exposed to acutely lethal aqueous concentrations of inorganic mercury and copper and compares them with pathological processes occurring in mammals.
Materials and Methods
Five lots of rainbow trout obtained from a private supplier were used in the experiments. Mean fork lengths (from snout to bifurcation of caudal fin) for each lot varied between 16.5 and 24.3 cm, and mean weights between 51.8 and 189.8 g.
These fish were held for at least three weeks in flowing dechlorinated tap water prior to experimentation. Temperature of the water was maintained at 14 f 2°C; its oxygen content, total hardness, total alkalinity and pH were > 7.0 mg/l, 112 mg/l (as CaC03), 67 mg/l (as CaC03), and 7.6 to 8.0, respectively. Fish were fed a commercial diet (Ralston Purina Trout Chow, Victor Fox Foods Ltd., Winnipeg, Manitoba, Canada) at a rate of 1 % to 3% of their body weight per day. A continuous flow system was adopted to expose the fish to each metal.' Fish were exposed to either anhydrous mercuric chloride at a concentration of 0.35 mg/l mercury or anhydrous copper sulfate at 0.135 mg/l copper. These concentrations had been determined previously to kill 30% of the fish in 96 hours; in the mercury experiment, over 80% of the deaths occurred during the first 48 hours, whereas, in the copper experiment, they were distributed uniformly throughout the 96-hour period.' Fish chosen for a trial were not fed for 36 hours prior to start of the trial and during the trial. At selected times, fish were taken from control and contaminated aquaria, stunned by a blow on the head, and processed immediately. Fish exposed to contaminated water were designated as principal if, at the time of collection, they had no obvious sign of intoxication. They were designated as moribund if, when collected, they exhibited complete loss of equilibrium (upside down and immobile) but still had regular opercular movements.
In both mercury and copper experiments, one control and at least three principal fish were collected every 24 hours for a period of four days; moribund fish also were collected when available, i.e., 14 and 8 fish in the mercury and copper experiments, respectively. Samples of the major tissues were collected from each fish, fixed in Bouin's fluid, and processed routinely for light microscopic examination. Sections were stained with hematoxylin and eosin. Samples of gills also were collected from each fish for transmission electron microscopy. The tips of a few filaments from the left first branchial arch were fixed in cold (4"C), 0.1 M sodium phosphate buffered 1 % osmium tetroxide (osmolarity 300 mOs, pH 7.2-7.4) and embedded in epoxy resin. Ultrathin sections were stained with uranyl acetate and lead citrate. Gills from a few fish were taken for scanning electron microscopic examination; the right first branchial arch was fixed entirely in cold, 0.1 M sodium cacodylate buffered 2% glutaraldehyde, critical-point dried, and gold-coated.
Results
The morphological appearance of the gills of controls was comparable to that described by other authors in various fish specie^.^^.^^ Each branchial arch supports two rows of filaments which have a row of flattened leaf-like lamellae on their upper and lower surfaces (figs. 1, 2). These lamellae are the functional units of the gills. Each comprises a network of interconnecting blood spaces delimited by pillar cells which are invested by a basal lamina and covered by an epithelium (figs. 1, 3). The latter consists of a double layer of epithelial cells among which are occasional mucous cells and chloride cells. The latter cell type is characterized by a large number of mitochondria and participates in the homeostatic control of electrolytes in teleosts. '43 18.20725 Leukocytes may be found between the two epithelial layers.
No macroscopic lesion was seen in any treated fish examined. The light microscopic lesions were similar in nature and distribution in fish exposed to either mercury or copper and were most severe in the gills, particularly in principal and moribund fish collected during the first 48 hours of exposure. These lesions were diffuse and included an accumulation of cellular debris in the epithelium of lamellae and interlamellar regions, enlarged lamellar epithelial cells and lamellar fusion. Cellular debris consisted of either small, strongly basophilic granules or large pale acidophilic masses entrapped within the respiratory epithelium ( fig. 4) .
Ultrastructurally, this cellular debris corresponded to cells undergoing coagulation necrosis or, more commonly, to membrane-bound fragments of cells containing densely packed organelles. These fragments were either intracellular (auto-and heterophagosomes) or extracellular. The latter were identified as apoptotic bodies. Phagosomes could be found within epithelial cells, neutrophils, or macrophages, although only a few leukocytes could be identified clearly. Many apoptotic bodies and some phagosomes contained morphologically recognizable organelles such as mitochondria, nu-clear fragments in the form of very electron-dense masses, or portions of endoplasmic reticulum (figs. 5-7). The presence of nuclear fragments in some intraepithelial phagosomes identified the latter as heterophagosomes. No attempt was made to determine whether one branchial cell type was affected more than another.
Enlarged lamellar epithelial cells with a pale cytoplasm and a large pale nucleus frequently were seen at the light microscopic level at 24 hours in both mercury and copper experiments and, in the case of mercury, persisted until the end of the 96-hour period of exposure ( fig. 8) . Ultrastructural examination of these cells revealed either cytoplasmic swelling and a slightly clumped nuclear chromatin or cellular hypertrophy with little, if any, degenerative change (figs. 9, lo). In the mercury experiment, cellular swelling was seen most frequently at 24 hours, whereas cellular hypertrophy was seen commonly throughout the 96-hour period of exposure. In fish exposed to mercury and particularly in those collected after 24 hours, some epithelial cells, either hypertrophied or of a normal size, contained numerous small electron-dense bodies interpreted as primary lysosomes ( fig. 9 ). Some cells of the superficial epithelial layer had an irregular shape, and their nucleus followed the irregularlarity of the cytoplasmic matrix ( fig. 9 ). On several occasions, superficial epithelial cells from adjacent lamellae had extended toward each other so that the filamentous coats from each cell became intermingled ( fig. 10 ).
Lamellar fusion was the most remarkable microscopic lesion. This change was seen exclusively (copper experiment) or most prominently (mercury experiment) in fish collected during the first 48 hours of exposure to the metal. In a few instances, only a few cells formed a bridge between two adjacent lamellae (figs. 11, 12). More often, two or more lamellae were fused partly or completely to each other, either as a result of epithelial hypertrophy and hyperplasia (figs. 12, 13) or through simple apposition (figs. 14, 15); both types often were present in the same fish. The fusion process appeared irregular, occurring at either the base or the outer margin of the lamellae. A few sites of lamellar fusion were observed ultrastructurally. In cases of fusion by simple apposition, the narrow space between two fused lamellae had various degrees of cellular damage, the latter sometimes being almost nil ( fig. 16 ). When fusion resulted from epithelial hypertrophy and hyperplasia, the interlamellar bridge was composed of large epithelial cells, some containing many phagosomes, and frequently, chloride cells and mucous cells.
Other, less frequent, ultrastructural lesions included: 4 : Gill lamellae of trout exposed to mercury; collected when moribund at 36 hours. Much cellular debris in lamellar epithelium (arrows). Two lamellae (L) are partly fused. Fig. 5 : Portion of lamella of trout exposed to mercury; collected at 24 hours. Basal lamina (BL) and adjacent pillar cells.
Phagosomes containing morphologically normal mitochondria ( 1) or nuclear fragments (2) are within cells. Apoptotic bodies, comparable in size and content to phagosomes, are extracellular (3) . Portion of very large cell (4), possibly a macrophage, reveals vesicular cytoplasm filled with large residual bodies. Continuous outer epithelial layer still present (5). Fig. 6 : Upper cell, located between two fused lamellae, has phagocytized another cell whose electron-dense nucleus (n) still is recognizable. Former is probably epithelial cell because of desmosomal attachment (d) to neighboring cell. Lamellar basal laminae (arrows). Trout exposed to copper; collected when moribund at 24 hours. Fig. 7 : Cellular fragments containing mitochondria and portions of endoplasmic reticulum. One fragment (arrow) is intracellular. Trout exposed to mercury; collected at 24 hours. Fig. 8 : Gill lamellae of trout exposed to mercury; collected at 72 hours. Several enlarged epithelial cells (arrows).
Fig. 9:
Enlarged and slightly distorted lamellar epithelial cells. Nucleus (n) of cell in middle has irregular shape. Cells contain numerous small, electron-dense vesicles interpreted as primary lysosomes (arrows). Trout exposed to mercury; collected at 48 hours. Fig. 10 : Hypertrophied lamellar epithelial cells with large nuclei. Superficial epithelial cell from left lamella extended towards one hypertrophied cell of adjacent lamella. Inset: Intermingled filamentous coats of these two cells. Trout exposed to mercury; collected at 48 hours. Fig. 11 : Basal portions of two gill lamellae from trout exposed to mercury; collected at 72 hours. Two epithelial cells have formed interlamellar bridge.
an increased number of lipid droplets within epithelial space; and very distorted segments of basal lamina. cells and occasionally also within pillar cells; swollen, Regardless of the severity or nature of the lamellar very electron-lucent portions of pillar cells which, in epithelial lesions, the integrity of the outer epithelial some cases, almost completely occluded the blood layer always was maintained, as suggested by the close 12 13 14 -15 16 Fig. 1 2 Gill lamellae of trout exposed to mercury; collected when moribund at 36 hours. Space between two lower lamellae (thick arrow) partly filled by enlargement and/or proliferation of epithelial cells. Short interlamellar bridge connects two middle lamellae (thin arrow). Fig. 13 : Four lamellae completely fused to each other by very large epithelial cells. Mitotic figure (arrow). Trout exposed to copper; collected when moribund at 24 hours. Fig. 14: Lamellar fusion by simple apposition. Few cells can be distinguished between fused lamellae. Trout exposed to mercury; collected at 96 hours. Fig. 15 : Three fused lamellae from trout exposed to copper; collected when moribund at 24 hours. Left and middle lamellae fused by simple apposition. Thick interlamellar bridge (arrow) joins proximal portions of middle and right lamellae. Fig. 16 : Composite transmission electron micrograph of two lamellae fused by simple apposition. Except for some residual bodies (arrows), there is no indication of cellular damage. Trout exposed to copper; collected when moribund at 24 hours. apposition to each other of cells composing this layer and by the presence of junctional complexes (tight junctions and desmosomes) between the plasma membranes of these cells ( fig. 5) .
Except for hypertrophy of, and increased number of primary lysosomes in, lamellar epithelial cells of fish exposed to mercury, no branchial morphological changes were prominent in fish (principal or moribund) exposed to mercury or copper and collected after 48 hours. Mild changes in the form of intracytoplasmic bodies were seen in epithelial cells of renal proximal tubules and, less often, in hepatocytes and in acinar cells of exocrine pancreas in fish exposed to either mercury or copper. These lesions were present at 24 hours and were observed, although inconsistently, throughout the period of exposure to the metals.
Discussion
Morphological changes induced in gills of rainbow trout by either mercury or copper were most prominent during the first 48 hours of exposure. In moribund fish, the damage was considered severe enough to have caused hypoxemia, and this was confirmed in a replicate experiment.* Fragmentation seemed to be the most common manifestation of lethal cellular injury. The cellular fragments were comparable morphologically to those observed in apoptosis. During this process, which can be encountered in many physiological and pathological events in mammal^,^. l 7 the parenchymal cell condenses, presumably by extrusion of water, and breaks into a number of vesicles of various sizes containing morphologically normal organelles and fragments of condensed nuclear material. These vesicles or apoptotic bodies then are phagocytized and digested by adjacent parenchymal cells or macrophages, or they degenerate if phagocytosis is delayed. Apoptosis is well suited to a role in tissue homeostasis: it can result in extensive deletion of cells with little tissue disruption; there is no inflammation, as is elicited by coagulation necrosis; and the process permits the reutilization of cellular component^.'^ To our knowledge, apoptosis previously has been decribed only briefly in fish.12
Lamellar fusion was the most prominent lesion observed microscopically. It often resulted from epithelial hypertrophy and hyperplasia. A similar change has been reported by several authors following acute or chronic intoxication of fish by various heavy metal^'^*^^ and pesticides,' ' chronic intoxication by metabolic ammo-~~i a ,~' or chronic protozoan infection of the gills.'' Autoradiographic studies have determined that the cells involved in normal regeneration of gill lamellar epithelium of coho (Oncorhynchus k h t c h ) and Chinook (0. tshawytscha) salmon are located in the interlamellar regions of the filament.7 It is reasonable to assume, however, that hyperplastic reaction to injury also could involve poorly differentiated cells of the inner lamellar epithelial layer.20
Destruction of some lamellar epithelial cells followed by fusion of intact epithelium of adjacent lamellae could explain some instances of lamellar fusion by simple apposition. A similar phenomenon may occur in some viral enteritides of mammals accompanied by fusion of intestinal villi.22 The several occasions when cells from adjacent lamellae seemed to have extended toward each other or when interlamellar bridges were composed of only one or two cells suggested another possible cause of lamellar fusion by simple apposition. The filamentous coat of animal cells, which primarily is composed of glycoproteins, plays a major role in regulatory activities, such as cell growth and recognition, that contribute to the arrangement of cells into t i s s u e~.~' .~~
The carbohydrate moiety of these glycoproteins, which lies on the outside of the plasma membrane, is charged negatively at physiological PH.~' Ex-posure of lamellar epithelial cells to heavy metal cations may result in an alteration of the charge of glycoproteins that, in turn, may favor attraction between cells of adjacent lamellae. A comparable phenomenon affecting epithelial cells of renal glomeruli was produced experimentally by perfusing rat kidneys for ten minutes with polycation~.~' This resulted in marked alterations of the glomerular epithelium, including distortion of the shape of epithelial cells and close apposition of adjacent foot processes to each other-frequently accompanied by the formation of tight junctions at points of contact between these processes. Re-perfusion of the kidneys with heparin (a polyanion) reversed the polycationinduced epithelial changes.
Despite the seventy of the branchial lesions, a continuous outer epithelial layer always was maintained over the lamellae, and junctional complexes (tight junctions and desmosomes) often were seen between adjacent cells of this layer. In previous studies describing the peracute effects of zinc and those of a detergent, sodium lauryl sulfate, on gills of rainbow trout, the main lesion was detachment of lamellar and filamentous epithelium from the basal lamina, accompanied by the progressive loss of epithelial cells.'.3o The epithelial bamer always remained intact, however, and desmosomal connections between individual cells were maintained.
In our study, deaths still occurred after 48 hours in fish exposed to mercury and were common in those exposed to copper, despite less severe branchial lesions. Examination of various blood parameters of moribund fish exposed to copper and collected after 48 hours indicated that they were not hypoxemic although no exact cause of death was determined.8 Morphological changes observed in the form of intracytoplasmic bodies in hepatocytes, acinar cells of exocrine pancreas, and epithelial cells of renal proximal tubules were not considered severe enough to have contributed to death. The most prominent branchial lesions observed after 48 hours occurred in fish exposed to mercury and included hypertrophy of, and increased number of primary lysosomes in, lamellar epithelial cells. Increased formation of primary lysosomes may have been stimulated by the increased phagocytic activity of the celk3 Alternatively, it could indicate an adaptation to the metals. Lysosomes may have a detoxifying function by promoting combination of the metals with lysosomal lipoprotein. 19, 33 Hypertrophy of lamellar epithelial cells may have indicated an increased cellular metabolism possibly directed toward repair of subcellular damages or toward detoxification, for example through synthesis of metallothionein-like metal-binding protein^.^ Ne-phropathy induced in rodents by exposure to various heavy metals was characterized chronically by cytomegaly and karyomegaly of tubular epithelial cells and, eventually, the development of adenomas, some of which became malignant.27
It was not determined whether fish collected after 48 hours had sustained more severe branchial lesions at an earlier stage and the gill tissue subsequently had recovered. Necrotic cells, apoptotic bodies, and autophagosomes could have been eliminated rapidly by extrusion into the external environment and/or digestion by lysosomal enzymes of the phagocytic cells. Lysosomes and phagosomes can appear and disappear within 24 hours following injury.'' The fate of fused lamellae following their adaptation to an injurious agent or removal of the latter is uncertain. The few observations reported on this subject suggest that return of affected lamellae to a normal architecture is possible in chronic injuries that have resulted in epithelial hyperplasia'. l o and is more likely at high than low water temperatures.' Being directly exposed to the external environment and easily accessible, branchial tissue provides a good model to study cell pathology. Moreover, since several parameters of water quality such as temperature, oxygen content, and hardness can influence fish metabolism, controlled modification of these factors may provide means of manipulating cellular reaction to injury in these fish. author was supported by a fellowship from the Medical Research Council of Canada. 
